We propose a highly birefringent and dispersion compensating photonic crystal fiber based on a double line defect core. Using a finite element method (FEM) with a perfectly matched layer (PML), it is demonstrated that it is possible to obtain broadband large negative dispersion of about -400 to -427 ps/(nm.km) covering all optical communication bands (from O to U band) and to achieve the dispersion coefficient of -425 ps/(nm.km) at 1.55µm. In addition, the highest birefringence of the proposed PCF at 1.55 μm is 1.92 × 10 -2 and the value of birefringence from the wavelength of 1.26 to 1.8 μm (covering O to U bands) is about 1.8 × 10 -2 to 1.92 × 10
I. INTRODUCTION
Investigations of optical fiber with high birefringence and broadband negative dispersion simultaneously would provide a new platform for optical fiber communication networks and optical fiber sensing systems, which can further improve the signal. A high level of birefringence in optical fiber is often required to preserve two orthogonal linear polarization states over long lengths of fiber in recent coherent optical communications, fiber optic gyroscopes and optical sensing applications [1, 2] . In addition, the dispersion must be compensated in the long-distance optical data transmission system to suppress the broadening of the pulse. One way to realize this is to use the dispersion compensating fibers (DCFs) having large negative dispersion, which can improve the transmitting quality by reducing attenuation and broadening signal [3] . So it is the best way to improve the quality of the system by designing PCF with high birefringence and negative dispersion simultaneously. Besides this, there is one more advantage of having both high birefringence and broadband negative dispersion, particularly in optical amplifications. Long conventional optical fiber links can not maintain linear polarization. Therefore, if linear polarization is maintained, gain efficiency may be improved by approximately a factor of 2 [4] . The optical fiber with high birefringence and large negative dispersion simultaneously can maintain linear polarization and show double Raman gains with relatively small fiber length.
It is well known that when using a conventional step index optical fiber, it is difficult to achieve high birefringence and negative dispersion simultaneously. Over the last two decades, photonic crystal fibers (PCFs) have been intensively studied to overcome the limitation of conventional step index optical fibers due to the design flexibility for the fiber cross section [5] [6] [7] [8] . Various PCF designs have been explored to achieve an ultra-broadband single mode operation [9, 10], unique dispersion properties [11] [12] [13] , high nonlinearity [14] and high birefringence [15] [16] [17] . Since the refractive index contrast between the core and the cladding in PCF is higher than that of conventional optical fiber, high birefringence can be easily realized in PCFs. So far, various highly birefringent PCFs (HB-PCFs) have been reported by breaking the symmetry of the fiber core or cladding [12, 15, [18] [19] [20] [21] [22] [23] [24] [25] . The birefringence of these HB-PCFs ranges from 10 -3 to 10
, which is one or two orders of magnitudes higher than that of conventional HB fibers. The large index contrast between core and cladding in PCF can be obtained by arranging large air holes in the cladding which helps to increase the modal birefringence and low confinement loss but results in excessively large chromatic dispersion. Large index contrast between core and cladding using large air holes in the cladding of the conventional PCF induce high birefringence but the influence of the waveguide dispersion in the fiber becomes stronger. On the other hand, as air hole diameter decreases, index contrast becomes small. In this case, high birefringence cannot be expected. Therefore, by using a conventional PCF design, it is difficult to achieve large negative dispersion and high birefringence at the same time. The accumulated chromatic dispersion should be compensated by a dispersion compensating device such as a dispersion compensator or dispersion compensating fiber (DCF), which makes the systems complicated. The future development of a compact and low cost optical communication system needs a single simple device to perform the multi-objective function.
Recently, several PCF designs for high birefringent and broadband dispersion compensating have been reported [26] [27] [28] [29] , but it requires a very sophisticated manufacturing process to realize the reported PCFs because their cross sections are not based on the conventional lattice structure and all air holes are not circular.
In this study, we propose a highly birefringent and dispersion compensating photonic crystal fiber based on a double line defect core. The proposed PCF is based on the square lattice cladding structure due to the superiority of square lattice PCF compared to triangular lattice PCF from the previous report [30, 31] . It is reported that the PCF based on the square lattice cladding shows a wider range of single mode operation compared to the triangular lattice PCF with the same structure parameters [30] and the effective area of the square lattice PCF is larger than that of the triangular lattice PCF, which leads to low coupling loss between the PCF with square lattice and the conventional single mode fiber in optical communication systems [31] . The notable point of the proposed PCF is that broadband high birefringence and negative dispersion can be obtained at the same time along with design of the double line defect core.
Using a finite element method (FEM) with a perfectly matched layer (PML), it is demonstrated that it is possible to obtain broadband large negative dispersion of about -400 to -427 ps/(nm.km) covering all optical communication bands (from O to U band) and to achieve the dispersion coefficient of -425 ps/(nm.km) at 1.55 μm. In addition, the highest birefringence of the proposed PCF at 1. . According to the simulation work, the confinement loss of the proposed PCF is always less than 10 -3 dB/km at 1.55 μm with seven fiber rings of air holes in the cladding.
II. DESIGN ALGORITHM AND
OPTICAL PROPERTIES Figure 1 shows the way to form a double line defect core PCF from the conventional square lattice PCF. The proposed PCF design in this study is started from a square lattice cladding and a rectangular core by removing six air holes from the center (type I). The lattice, Λ, of the cladding region is defined by the distance between air holes of D.
Next, in Fig. 1 (b), a straight single line defect of small air holes is added both up and down in the core region symmetrically (type II). Finally, in order to further enhance the asymmetry of the core and reduce the dispersion value and slope, an additional line is added into the core as shown in Fig. 1(c) . This is the proposed PCF design in this paper which has a double line defect core (type III). In order to reduce the confinement loss of the guided mode, we set the size of air holes in the square lattice cladding large enough (about D/Λ = 0.83). Double line defect in the core introduces a high asymmetry in the core and its small sized air holes with small pitch provide much greater impact on dispersion compensation of the PCF. In the consideration of guiding condition in the core, the number of defect lines is optimized to 2. If one more line defect is added to the core, the guiding mode does not satisfy the guiding condition in the core and it decays. Figure 2 shows how to change the transverse field distributions for y-and x-polarized fundamental modes from type I to type III PCFs at 1.55 µm, where Λ = 1.2 μm, D/ Λ = 0.83, Λx = Λ/2, Λy = Λ/3, dc /Λ= 0.33. By adding line defects one by one, the core shape becomes more and more rectangular and the mode profile becomes more squeezed. From these results, we can expect that higher birefringence can be achieved in type III PCF and x-polarized fundamental mode can have lower confinement loss.
To illustrate the impact of the double line defect on optical properties we compared optical properties of three different types of PCF using Finite Element Method (FEM) and eigen-mode solver with circular perfectly matched layer (PML) boundary condition. The modal birefringence of the fiber is defined as [32] x y eff eff B n n n = Δ = −
where n y eff and n x eff are effective refractive indices of the yand x-polarized fundamental modes, respectively. The proposed solid-core PCF are made of pure fused silica and the material dispersion is given by the Sellmeier equation [33] . Therefore, the total dispersion of the PCF can be calculated by the following formula [16] :
where c is the speed of light in free space. The confinement loss of PCF is calculated from the imaginary part of effective refractive index and it is given by the following formula [16] .
where k 0 is 2π/λ and λ is the wavelength of the light. Figure 3 shows the difference of optical properties for three types of PCFs in Fig. 1 . Figure 3(a) shows the modal birefringence of the three types of PCF, where
The modal birefringence is gradually increased by adding line defect from type I to type III and the corresponding maximum achievable birefringence of the double line defect core PCF reaches up to 1.42×10 -2 at 1.55 µm. The modal birefringence of the proposed double line defect core PCF was 10 times larger than that of the PCF for type I due to the enhanced core asymmetry by double line defect. It is worthy to note that high birefringence above the order of 10 -2 can be achieved from the proposed double line defect core PCF (type III) in a broad range of wavelengths from 1 µm to 2 µm. Figure 3(b) shows the dispersion properties for three types of PCF as a function of wavelength. We found that the dispersion value was steadily decreased and the dispersion slope sign was changed as adding one more line defect. For type III, the dispersion value of x-and y-polarized modes can reach to -130 ps/(nm.km) and -250 ps/(nm.km) at 1.55 µm, respectively. From these results in Fig. 3(a) and (b), the modal birefringence and chromatic dispersion are remarkably enhanced by adding one more defect line from type II to type III.
However, the confinement loss becomes larger from adding these defect lines in the core region as shown in Fig. 3(c) . At a glance, the fundamental mode of type III looks like it is more tightly confined to the core but the result is the opposite. The confinement loss can be deduced from the imaginary part of the complex effective mode index defined by eq. (3) . Therefore, the increased confinement loss of type III is due to the increased decay rate at the interface between core and small sized air holes. However, note that the value of confinement of type III is still small enough (less than 10
dB/km at 1.55 µm) and thus we can neglect these.
III. OPTIMIZATION OF STRUCTURE PARAMETERS FOR THE DOUBLE LINE DEFECT CORE PCF
In this section, we investigate the impacts of the structure parameters (Λ and dc) on the birefringence, dispersion and confinement loss in order to achieve the optimum structural parameters for simultaneous high birefringence and high negative dispersion at 1.55 μm. First, the impact of the structure parameter of Λ on fiber birefringence, and dispersion was analyzed in detail. Fig. 4(a) , the birefringence peak was shifted to shorter wavelengths as the lattice constant of cladding was reduced maintaining the value of birefringence, which means the change of Λ does not affect the asymmetry of the core. When the lattice constant, Λ is 0.96 µm, the proposed PCF can reach to high birefringence of 1.547×10 -2 at 1.55 µm.
In Fig. 4(b) , we plot the calculated dispersion for three different lattice constants, Λ = 1.2 μm, 0.96 μm and 0.72 μm. These results show that as lattice constant decreases, the negative dispersion becomes higher. From the results of Fig. 4 , it is confirmed that the change of Λ has a small impact on the extent of asymmetry for the core and mainly affects the peak wavelength of birefringence and the value of dispersion. When Λ is 0.96 μm, which is the value of Λ for highest birefringence at 1.55 μm in Fig. 4(a) , the fiber dispersion value of the y-polarized fundamental mode is -325 ps/km/nm at 1.55 μm. For Λ = 0.96 μm, the proposed double line defect core PCF satisfies highest birefringence and high negative dispersion at 1.55 μm at the same time. Confinement loss becomes larger as Λ decreases as shown in Fig. 4 (c) . However the value is 2.10 × 10 -4 dB/km at 1.55 μm when Λ = 0.96 μm, which is small enough to neglect. Therefore, we set the optimized parameter of Λ to be 0.96 μm from the simulation results of Fig. 4 . Secondly, we investigate the impact of the micro-variation of small sized air holes (d c ) in the core on the birefringence, the dispersion and the confinement loss of the proposed PCF. As shown in Fig. 5(a) , the birefringence was almost uniform in the wavelength range from 1.4 μm to 1.7 μm and it monotonically increased with the increase of d c because the larger dc enhances the asymmetry of the core. And the change of dc does not affect the excited wavelength of 1.55 μm. The value of birefringence maintains in the order of 10 -2 for small variation of dc such as B = 1.92×10 -2 for dc = 0.34 μm, B = 1.547×10 -2 for dc = 0.32 μm and B = 1.073×10
-2 for dc = 0.28 μm at λ = 1.55 μm.
When dc is 0.34 μm, the value of birefringence from the 
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(b) . In Fig. 5(b) , the fiber shows higher negative dispersion for larger dc. This is because larger air holes raise the air filling fraction, which can reduce the effective refractive index of the fundamental mode. This has previously been observed in Ref [34] and is further evidenced by the fact that dispersion compensation PCF requires a large air fill fraction especially for the first ring of holes [11] . When dc=0.34 μm, the proposed PCF has broadband large negative dispersion of about -400 to -427 ps/(nm.km) covering all optical communication bands (from O to U band) and to achieve the dispersion coefficient of -425 ps/(nm.km) at 1.55 μm. Finally, the impact of dc on confinement loss of the proposed PCF is shown in Fig. 5 (c) . As dc increases, the confinement loss increases a little, however the value is small enough to neglect (about 10 -3 dB/km at 1.55 μm).
In the proposed double line defect core PCF, the parameter of dc is the main parameter to control the level of high birefringence and negative dispersion. As expected, both the birefringence and the negative dispersion increase with increase of dc. In order to achieve both high birefringence and large dispersion compensation, dc should be set to be as large as possible due to the significant increase of negative dispersion and the birefringence as the size of dc increases. However, the maximum possible value of dc is set to be 0.34 μm from the geometrical feasibility, which value is the limitation of dc not to overlap air holes of the double line. Through the optimization technique of structure parameters, we chose the optimum parameters of Λ = 0.96 μm, D/Λ = 0.83, dc = 0.34 μm for the proposed PCF with high birefringence and high negative dispersion at the same time.
In a standard fiber draw, ±1% variations in fiber occur during the fabrication process [35] . Therefore, it should be confirmed that there is roughly an accuracy of ±2% of tolerance for birefringence, dispersion and confinement loss. To investigate for this structural variation, lattice constant, Λ and diameter of small air hole, dc is varied up to ±2% from the optimum values while keeping other structure parameters fixed. Figure 6 shows the effect of variation of Λ and dc on birefringence, dispersion and confinement loss within the variation of ±2% from the optimum values. Here, solid lines indicate increments in parameters and dashed lines indicate decrements in parameters. From Fig.  6 (a) , the birefringence increases/decreases within ±0.0015 with increase/decrease in dc as much as ±2%. Whereas, ±2% change of Λ does not affect the value of birefringence in Fig. 6(a) . Next, to analyze the impact of the fiber tolerance on the dispersion, we have also checked the impact of Λ and dc on the dispersion. From the results of Fig. 6(b) , the dispersion shifts to the down/up direction as much as 34 ps/ (nm.km) with increase/decrease in ±2% change of dc. In contrast, the dispersion shifts to up/down direction as much as 10 ps/ (nm.km) with increase/decrease in ±2% change of dc. Finally, we have checked the influence of ±2% change of dc and Λ on the confinement loss. The value of confinement loss is changed a little by the ±2% change of dc and Λ however the value is still small enough to neglect. From the above results, it is clear for the change , large negative dispersion about -400 ps/(nm.km), and low confinement loss with the order of 10 -4 dB/km are obtained.
In order to understand the proposed PCF in detail, a comparison is made between properties of birefringence and dispersion of the proposed PCF and some other fibers designed for high birefringence and negative dispersion simultaneously. Table 1 compares those fibers taking into the value of negative dispersion and birefringence. From this comparative work, it is confirmed that it is not easy to obtain high birefringence and negative dispersion at the same time with fixed design parameters. Otherwise the previously reported PCF, the proposed PCF with high birefringence and negative dispersion simultaneously is based on the conventional lattice cladding, which is the strong point of the proposed PCF on the fabrication.
Finally, we consider the possibility of fabrication for the proposed PCF. The proposed PCF cladding structure is conventional square lattice and the core is porous rectangular structure with a double line defect. There are two possible methods for close realization of the proposed PCF. For the first fabrication method, the proposed PCF can be fabricated by two step procedures. For a start, the double line defect core cane can be obtained by an extrusion method [36] and a mechanical drilling method [37] . Next, our proposed fiber design can be reliably fabricated by two-step stack-anddraw procedure due to all circular air holes and conventional lattice structure with core cane [38] [39] [40] [41] . For the other method, Bisen et al. reported a sol-gel method [42, 43] for microand nano-structure fabrication in 2005. It can also be used to fabricate almost any PCF structure. The air-hole size, shape and spacing can be adjusted independently in this method.
With the advance of a complex photonics system, the functions of various optical components should be combined in a single optical device to reduce the system complexity. The proposed PCF is a good example of a combined integrated waveguide with multiple functions of polarization maintenance, broadband dispersion compensation, low loss, and true singlemode operation for the optical communication and smart sensing applications.
IV. CONCLUSIONS
To summarize this paper, we have demonstrated a new fiber design for controlling the chromatic dispersion and achieving high birefringence at the same time by introducing a double line defect core in a conventional square lattice. The double line defect core enhances high birefringence of the fiber and its smaller air holes around the core effectively control the waveguide dispersion to achieve broadband negative dispersion. For the optimized double line defect core PCF, the fiber can achieve broadband high birefringence of about 1.8×10 -2 to 1.92×10 -2 and large negative dispersion of of about -400 to -427 ps/(nm.km) over the wavelength from 1.26 to 1.8 μm (covering O to U bands). According to the simulations, the highest birefringence of the optimized proposed PCF at 1.55 μm is 1.92×10 -2 and the largest negative dispersion at 1.55 μm is -425 ps/(nm.km). In addition, it is confirmed that from the simulation results, the confinement loss of the proposed PCF is always less than 10 -4 dB/km at 1.55 μm with seven fiber rings of air holes in the cladding. So, it can be concluded that the proposed PCF is a good example of a combined integrated waveguide with multiple functions of polarization maintenance, broadband dispersion compensation and low confinement loss for the optical communication and smart sensing applications over all optical communication bands.
